The NMR structure determination was principally based on 823 approximate interproton distance restraints derived from 3D 15 N-(4) and 13 C-separated (5) NOESY (nuclear Overhauser enhancement spectroscopy) spectra and a 1 H-15 N HMQC (heteronuclear multiple quantum coherence)-NOESY-HMQC spectrum (6) recorded on uniformly (>95%) labeled 15 N and 13 C-15 Nlabeled human recombinant IL-4 (7, 8) . These spectra were interpreted on the basis of complete 1 H, 15 N, and 13 C assignments obtained previously with 3D double-and triple-resonance NMR spectroscopy (9). [Note that a partial set of 1 H and 15 N assignments has also been published by Redfi eld et al. (10) ]. An example of the quality of the 3D 13 C-separated NOESY spectrum is shown in Fig. 1 . The interproton distance restraints were classifi ed into three distance ranges, 1.8 to 2.7 Å, 1.8 to 3.3 Å [1.8 to 3.5 Å for nuclear Overhauser effects (NOEs) involving NH protons], and 1.8 to 5.0 Å, corresponding to strong, medium, and weak NOEs, respectively (11, 12) . With the exception of sequential CβH(i)-NH(i+1) NOEs, all NOEs involving side chains were derived from the 3D 13 C -separated NOESY spectrum. Although the 1 H chemical shift dispersion of IL-4 is small (10) , the increased resolution afforded by separating the NOEs into a third dimension according to the 13 C chemical shift of the carbon atom attached to the destination proton is suffi cient to extract a large number of NOEs unambiguously by making use of the symme- try relations inherent to this spectrum. Thus, the NOE from proton i to proton j is labeled by the 13 C chemical shift of the carbon atom attached to proton j, and the symmetry-related NOE from proton j to proton i is labeled by the 13 C chemical shift of the carbon atom attached to proton i. In this manner, we readily assigned a large number of interresidue side chain-backbone and side chain-side chain NOE interactions that comprised 188 and 205 restraints, respectively (Fig. 2) . The interproton distance restraints were supplemented by 101 φ torsion angle restraints derived from 3 J HNα coupling constants (13), 82 ψ torsion angle restraints within clearly defi ned helical regions derived from 13 Cα and 13 Cβ chemical shifts (14), and, subsequent to preliminary structure calculations, 98 distance restraints for 49 backbone NH-CO hydrogen bonds derived from slowly exchanging backbone amide resonances (15) and the pattern of medium-range (1 < |i -j| ≤ 5) and interstrand backbone-backbone NOES within the helical and β-sheet regions, respectively (16) . There are a total of 1104 experimental NMR restraints. At present no stereospecifi c assignments of β-methylene protons and methyl groups of Leu and Val have been obtained. Also, the structure calculations do not include any χ 1 torsion angle restraints. Hence the present structure should be regarded as a good-quality second-generation structure (17) . A total of 22 simulated annealing (SA) structures (18) were calculated with the hybrid-distance geometry-simulated annealing protocol of Nilges et al. (19, 20) (Table 1 ). All of the structures satisfy the NMR restraints within experimental error (that is, no violations greater than 0.5 Å and 5º for the distance and torsion angle restraints, respectively), exhibit very small deviations from idealized covalent geometry, and display good nonbonded contacts as judged by the large negative values of the calculated Lennard-Jones van der Waals energy (21) and the solvation free energy of folding (22). A best-fi t superposition of the 22 SA structures is shown in Fig. 3A . Residues 1 to 6, 132, and 133 are disordered; only residues 6 to 132 are shown in Fig. 3 . The atomic root-mean-square (rms) distribution about the mean coordinate positions for residues 7 to 13 l is 1.02 ± 0.16 Å for the backbone atoms and 1.50 ± 0.17 Å for all atoms; the corresponding rms values for the regions of secondary structure (residues 7 to 24, 26 to 36, 45 to 64, 67 to 70, 74 to 96, and 107 to 129) are 0.79 ± 0.13 and 1.25 ± 0.27 Å, respectively (23). Table 1 . Structural statistics. The notation of the structures is as follows ‚SAÚ are the 22 SA structures; SA is the mean structure obtained by averaging the coordinates of the individual SA structures best fi tted to each other (the residues used in the best fi tting are 7 to 131); and (SĀ)r is the restrained minimized (regularized) mean structure obtained from SA. The number of terms for the various restraints are given in parentheses; rms, root-mean-square; and expt, experimental. 
* None of the structures exhibit distance violations greater than 0.5 Å or dihedral-angle violations greater than 5°. No intraresidue interproton distance restraints were used in the calculations The medium-range NOEs comprise 140 backbone-backbone; 113 side chain-backbone, and 52 side chain-side chain NOEs, and the long-range NOES comprise 7 backbone-backbone, 75 side chain-backbone. and 153 side chain-sidechain NOEs. † Each hydrogen bond is characterized by two distance restraints: r NH-O ≤ 2.3 Å and r NH-O = 2.5 to 3.3 Å. All hydrogen-bonding restraints include slowly exchanging backbone amide protons. ‡ There are 101 Φ and 82 ψ backbone torsion angle restraints (13, 14). § The Improper torsion restraints serve to maintain planarity and chirality.
║ E L-J is the Lennard-Jones van der Waals energy calculated with the CHARMM (21) empirical energy function and is not included in the target function for simulated annealing or restrained minimization ¶ SFE is the calculated solvation free energy of folding (22) and is not included in the target function for simulated annealing or minimization. The expected value of the SFE for a protein the size of human recombinant IL-4 (133 residues) is -135 kcal mol -1 (22). The IL-4 molecule is oblong in shape with approximate dimensions of 41 Å by 28 Å by 19 Å. The major topological feature is a left-handed four-helix bundle with an unusual connectivity in which helices adjacent to each other on a square lattice are antiparallel, whereas nonadjacent opposing helices are parallel. Thus the bundle has two overhand connections (Fig. 4) . The angles and axial separations between the long axes of the four antiparallel helical pairs, α A -α C , α C -α B , α B -α B and α D -α A , are -153º and 9.0 Å, -148 º and 5.9 Å, -142º and 10.3 Å, and -154º and 9.1 Å, respectively. The corresponding values between the two parallel helical pairs, α A -α B , and α C -α D , are 42º and 11.9 Å, and 45º and 13.8 Å, respectively. The four helices have approximately similar lengths and comprise residues 7 to 24 (α A ), 45 to 64 (α B ), 74 to 96 (α C ), and 113 to 129 (α D ). The connecting elements between the helices are formed by either long loops, small helical turns, or short strands. Specifi cally, helix α A leads into a fi ve-residue helical turn (ht A , residues 26 to 30) followed by a strand (β A , residues 3 1 to 36) that runs in an antiparallel direction to helix α A and a loop (residues 37 to 44) that leads into helix α B . Helices α B and α C are connected by a short loop (residues 65 to 73) that contains a short four-residue helical turn (ht B , residues 67 to 70). The two helical turns, ht A and ht B , are connected to each other by a disulfi de bridge between Cys 28 and Cys 69 . Helix α C leads into a loop (residues 97 to 106) and a short strand (β B , residues 107 to 112) that runs antiparallel to α C and leads directly into the fourth helix α D . The loop from residues 97 to 106 is connected to helix α B through a disulfi de bridge between Cys 103 and Cys 50 . The two strands form a mini-antiparallel β sheet comprising residues 32 to 34 of β A and 110 to 112 of β B . Finally, the amino terminus of helix α A and the carboxyl-terminal end of IL-4 are connected by the disulfi de bridge between Cys 7 and Cys 131 .
The internal core of the four-helix bundle is entirely hydrophobic in nature and consists of Leu 11 25 , and the one between the side chain carboxylate of Asp 66 and the backbone NH of Cys 69 , respectively. The exterior of IL-4, on the other hand, is hydrophilic and contains a large number of positively charged Lys and Arg residues.
To our knowledge, the topology of the left-handed four-helix bundle seen in IL-4 has only been observed twice previously, namely, in the cases of growth hormone (24, 25) and granulocyte-macrophage colony-stimulating factor (GM-CSF) (26) . Although the relative orientations of the four helices comprising the bundle are similar for the three proteins, the structural details are quite distinct, both with regard to the relative lengths of the helices and the length and nature of the various connecting elements. Thus, in the case of growth hormone, helices α A (26 residues) and α D (30 residues) are substantially longer than helices α B (21 residues) and α C (23 residues), whereas in the case of IL-4 the reverse is true with α A (18 residues) and α D (17 residues) being shorter than α B (20 residues) and α C (23 residues). In GM-CSF, on the other hand, all four helices are signifi cantly shorter and have lengths ranging from 10 residues for α D to 16 for α A , with the other two helices comprising 14 residues each. These differences result in a distinct alteration in the surface at the top of the front face of the three proteins in the view shown in Fig. 4 . In addition, the pattern as well as the number of disulfi de linkages (two in growth hormone and GM-CSF versus three in IL-4) is different. Finally, there is no sequence similarity between the three proteins.
Nevertheless the overall resemblance between the topologies of IL-4, GM-CSF, and growth hormone is striking given the lack of sequence, disulfi de bond, and length similarity. On the other hand, the receptors for these three proteins belong to the same hematopoietic superfamily, which also includes the receptors for interleukins-2, -3, -5, -6, and -7, granulocyte colony stimulating factor, erythropoietin, prolactin, leukemia inhibitory factor, and ciliary neutrophic factor (27) . The interaction of IL-4 with the extracellular domain of its receptor may be similar to that observed in the crystal structure of the growth hormone-extracellular receptor complex (25) , in which case IL-4 would interact with the extracellular domains of two receptor molecules and the site of interaction with one receptor would involve the surface formed by helices α A and α C , while the other interaction site would involve the surface formed by helix α D , strand β A , and the loop connecting β A to helix α B . The fi rst site is located at the right-hand lower edge of the molecule in the view shown in Fig. 4 and is made up of Lys 6 , Glu 13 , Lys 16 In addition, sequence alignments between the human and mouse IL-4 sequences result in a gap in the mouse sequence relative to the human one either at the beginning (28) or end of helix α C (29) , and therefore probably constitutes the region with the largest conformational differences between the human and mouse protein. This difference may account for the observation that human and mouse IL-4 do not exhibit cross-species activity with regard to either receptor binding or biological function (30, 31) . 8. Recombinant human IL-4 was expressed in yeast, uniformly isotopically labeled (with either I5 N or both I5 N and 13 C) and purifi ed as described previously (9, 30). The version of IL-4 used includes the fourresidue sequence Glu-Ala-Glu-Ala at the amino-terminus of the recombinant protein which is not part of the natural human IL-4. In this report residues are numbered from the amino-terminal Glu as residue 1, so that the natural IL-4 sequence starts at residue 5. In addition, the two potential N-linked glycosylation sltes at Asn 42 and Asn 109 have been changed to Asp by site-directed mutagenesis to prevent hyperglycosylation in the yeast host (29) .
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harmonic potential terms for covalent geometry (that is, bonds, angles, planes, and chirality), square-well quadratic potentials for the experimental distance and torsion-angle restraints (11) , and a quartic van der Waals repulsion term for the nonbonded contacts (19) . All peptide bonds were restrained to be trans. There were no hydrogen-bonding, electrostatic, or 6-12 Lennard-Jones empirical potential energy terms in the target function. 23. In addition to deducing the approximate location of the main secondary structure elements from a qualitative analysis of the sequential and medium-range NOE data involving backbone protons, Redfi eld et al. (10) also presented six preliminary structures of IL-4 based on a very limited set of long-range NOE data. The precision of these structures, which had a backbone atomic rms difference of 3.2 Å (2.7 Å for the four helices), was only suffi cient to suggest that the approximate topology probably comprised a lefthanded four-helix bundle. Thus, the relative orientation of the four helices in their preliminary structures was very poorly defi ned and the packing of the four helices could not be defi ned at all. The difference in quality between these preliminary structures and those presented in this report does not therefore refl ect a minor quantitative improvement in precision, but rather refl ects a qualitative difference similar in nature, for example, to that between a 7 and 2.5 Å resolution x-ray structure.
